Asthma is a common, genetically complex human disease. Elevated serum immunoglobulin E (IgE) levels, elevated blood eosinophil counts, variably reduced spirometric measures and increased airway responsiveness (AR) are physiological traits which are characteristic of asthma. We investigated the genetic and environmental components of variance of serum total and specific IgE levels, blood eosinophil counts, the forced expiratory volume in one second (FEV 1 ) and forced vital capacity (FVC), and AR in an Australian population-based sample of 232 Caucasian nuclear families. With the exception of FVC levels, all traits were closely associated with clinical asthma in this population. Log e total serum IgE levels had a narrow-sense heritability (h 2 N ) of 47.3% (SE = 10.0%). Specific serum IgE levels against house dust mite and Timothy grass, measured as a RAST Index, had a h 2 N of 33.8% (SE = 7.3%). FEV 1 levels had a h 2 N of 6.1% (SE = 11.6%), whilst FVC levels had a h 2 N of 30.6% (SE = 26.8%). AR, quantified by the log e dose-response slope to methacholine (DRS), had a h 2 N of 30.3% (SE = 12.3%). These data are consistent with the existence of important genetic determinants of the pathophysiological traits associated with asthma. Our study suggests that total and specific serum IgE levels, blood eosinophil counts and airways responsiveness to inhaled agonist are appropriate phenotypes for molecular investigations of the genetic susceptibility to asthma.
Introduction
Asthma is the most common chronic childhood disease in developed nations, and is associated with significant and increasing economic and social costs. 1 Most asthma is closely associated with airway inflammation and narrowing. The familial syndrome of atopy (allergic asthma, seasonal rhinitis and/or eczema) is accompanied by increased levels of total serum Immunoglobulin E (IgE) and elevated levels of IgE specific to common aero-allergens. 2 In patients with asthma, specific serum IgE is most commonly detected against inhaled allergens from house dust mites (HDM) and grass pollens. 3 Variably reduced spirometric measures such as the forced expiratory volume in one second (FEV 1 ) and the forced vital capacity (FVC) are closely but not specifically associated with asthma and atopy. 4, 5 Asthma is also typified by elevated blood eosinophil counts 6 and by non-specific increased airway responsiveness (AR) to inhaled agonists such as histamine or methacholine, which can be quantified by measuring the reduction of expiratory airflow following increasing doses of these agents. 7 Asthma is a genetically complex disease with poorly defined determinants. Considerable effort is currently being expended in the detection of genetic loci contributing to asthma susceptibility. 8 Both binary disease status and asthma-associated quantitative phenotypic traits have been investigated. Power calculations suggest that testing for linkage is significantly enhanced by the use of quantitative traits in preference to a categorical asthma phenotype. 9 The use of quantitative 'intermediate' phenotypes such as serum immunoglobulin E (IgE) levels or AR also permits selection of subjects for the extremes of distribution, with increased power to detect linkage. 10 It is therefore important to examine the genetic basis of asthma-associated physiological traits. The aim of this study was to use Variance Components Analysis to estimate the genetic and environmental components of variance of serum total and specific IgE levels, blood eosinophil counts, FEV 1 , FVC and AR in a population-based sample of nuclear families. The relationship of these traits to physician-diagnosed asthma, age, gender, height, tobacco smoke exposure and the effects of length of cohabitation were also investigated.
Methods

Study population
Busselton is a rural town on the coast of South-Western Australia. In 1990 all residents on the Busselton electoral roll (approximately 9000 individuals) were sent a questionnaire regarding current respiratory symptoms and medical history. From approximately 6500 replies, Caucasian families were ascertained for the present study. The study was undertaken during the winter months of May-July 1992, to avoid seasonal effects on the measured traits. Families with both parents alive and under 55 years of age and having at least two children over the age of 5 years were recruited serially. All individuals over the age of 5 years were studied, and complete data were obtained on 1020 subjects, comprising 232 nuclear families. The field methods used have been described in detail elsewhere; the response rate was 72%.
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The study was approved by the Human Rights Committee of the University of Western Australia, and informed personal or parental consent was obtained for all subjects.
Questionnaire
Individual and family histories of respiratory symptoms, demographic information and smoking were assessed at interview using the British Medical Research Council questionnaire. 12 Questionnaires relating to children were administered to a parent, generally the mother. Pack years of smoking were calculated from questionnaire responses. One pack year was taken to be equivalent to the consumption of 20 cigarettes per day for 1 year. Physician-diagnosed asthma (ever) was defined as a positive response to the question 'Has your doctor ever told you that you have asthma/bronchial asthma?'
IgE assays
Total serum IgE titres and specific serum IgE titres to whole HDM (Dermatophagoides pteronyssinus) and Timothy grass pollen (Phleum pratense) were measured using the Immunocap FEIA (Pharmacia AB, Uppsala, Sweden). The titres of specific IgE were converted to RAST units according to Pharmacia recommendations. A 'combined RAST index' was calculated for each individual as the sum of the RAST scores to HDM and Timothy grass.
Spirometry and airway responsiveness
Spirometry was performed in the sitting position using a dry wedge spirometer (Vitalograph Model S, Maids Moreton, Buckinghamshire, UK) calibrated daily with a 3L syringe. The best FEV 1 and FVC were measured according to the guidelines of the American Thoracic Society. 13 Spirometric data are expressed both as raw scores and as a percentage of predicted values, corrected for height, gender, age and race. Height of subjects was measured at the time of spirometric assessment using a metric measuring tape.
Response to methacholine challenge was assessed by the Yan rapid method.
14 The FEV 1 was measured following inhalation of saline and increasing (doubling) doses of methacholine chloride delivered from calibrated hand-held nebulisers. At each dose, step one forced expiratory manoeuvre was performed unless it was thought to be technically unsatisfactory. The challenge was continued until either the FEV 1 fell by at least 20% from the post-saline value or until the maximal cumulative dose (12 µmol) of methacholine was delivered. AR was expressed as the two-point dose-response slope (DRS) of methacholine response against percentage fail in FEV 1 .
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Eosinophil counts A full-blood picture was performed on each subject from whom blood was taken; this included an automated white cell count in order to establish a total blood eosinophil count.
Statistical analysis
The primary response variables modelled were:
(i) total serum IgE titre;
(ii) combined RAST index to house dust mite and Timothy grass; Explanatory variables included gender, age, height, and pack years of smoking. In order to determine the relationship of asthma to the response variables independently of familial correlations and important covariates, physician diagnosed asthma was also included as an explanatory covariate in certain models. All explanatory variables except gender and asthma status were analysed as continuous covariates. Total serum IgE levels, blood eosinophil counts and the DRS to methacholine exhibited a skewed distribution with a long right-hand tail; log e -transformation rendered the marginal distributions of these variables approximately Normal. The combined RAST index also exhibited a skewed distribution with a long righthand tail; there was no obvious transformation to render the marginal distribution approximately Normal. Therefore, this variable was analysed in its raw form. A constant of 10 was added to each DRS and eosinophil measurement in order to allow log e transformation when the value was ≤ 0. FEV 1 and FVC levels were approximately Normally distributed and were analysed without transformation. All continuous covariates were centred at or close to their mean and were modelled as linear, quadratic and cubic fixed effects.
The software package FISHER 16 was used to partition observed phenotypic variance into genetic and non-genetic components by maximum likelihood methods. Each model assumed that the distribution of the response phenotype was multivariate normal, with a mean that depended on a particular set of explanatory covariates. The mean models and specification of variance and covariance structures are given in the Appendix. Analysis of the combined RAST index relied on tests of model fit to ensure that the skewed marginal distribution of this variable did not seriously distort assumptions of multivariate normality. It should be noted that marginal non-Normality need not necessarily imply lack of multivariate Normality once all the biological components of a model are included. Phenotypic variance was partitioned into four components: σ The narrow-sense heritability (h 2 N ) was defined as the ratio of variance due to additive genetic effects (σ 2 A ) to the total phenotypic variance of each trait:
Asymptotic standard errors for h The statistical associations of covariates entered as fixed effects and the current response variable were assessed by removal of terms from the mean model and calculation of a likelihood ratio 2 test statistic. The same approach was used as an approximate guide to the 'significance' of a departure of the value of a variance component from its null value (zero). Statistical significance was taken as the 5% level. Standard goodness-of-fit tests to check overall validity of models 18 were performed using the FISHER program. 16 These included a test of the acceptability of the assumption of multivariate Normality.
Cohabitation Length of cohabitation and the time living apart were adjusted for by modification of the σ 2 C parameter using exponential trends:
where: t represents the total possible time subjects j1 and j2 could have spent living together and t' represents the time subjects j1 and j2 have actually spent living together; t -t' thus measures the time j1 and j2 have spent living apart. 19 The parameter λ estimates the effect on σ 2 C attributable to time spent cohabiting, and ν estimates the effect on σ 2 C attributable to time spent living apart.
As precise durations of cohabitation were not available from the data collected, it was necessary to make the following assumptions. Children less than the age of 18 years were assumed to have cohabited continuously with parents for a length of time equivalent to their age; children less than the age of 18 years were assumed to have cohabited continuously with their siblings for a length of time equivalent to the age of the younger sibling; children were assumed to cease cohabiting with other family members at age 18; adults were assumed to have cohabited continuously with their spouse for a length of time equivalent to the age of their oldest child.
Results
Characteristics of families
The mean number of children per family was 2.35. Males and females were equally represented in the study population ( Table 1 ). The mean age ( ± SD) of parents was 40.2 ± 5.0 years and of children 12.6 ± 4.7 years.
Effects of age, gender, pack years of smoking and height
The variance components modelling suggested that the joint age and gender effect (see mean model specification in the Appendix) was significant for total serum IgE ( 2 7 = 68.9, P < 0.0001), the combined RAST index ( 2 7 = 44.7, P < 0.0001), eosinophil levels ( 2 7 = 17.8, P = 0.01), and DRS levels ( 2 7 = 39.1, P < 0.0001). Levels were higher in males and in children (Table 1) . Neither pack years of smoking nor height were significantly related to total IgE levels, the RAST index or eosinophil level. There was some evidence of an association between increased height and increased AR, although the relationship was not formally significant The joint age and gender effect was highly significant for FEV 1 ( 2 7 = 132.7, P < 0.0001) and FVC levels ( 2 7 = 219.5, P < 0.0001). Although FEV 1 and FVC levels were similar in male and females (Table 1) , there was a steeper increase or decline with age in male children or adults respectively (data not shown). Linear and quadratic terms for height were closely associated with both FEV 1 ( 2 2 = 311.0, P < 0.0001) and FVC ( 2 2 = 600.0, P < 0.0001) levels; the pattern of the effect was similar to the effects of age in both genders. Linear and quadratic terms for pack years of smoking were inversely associated with FEV 1 ( 2 2 = 9.9, P = 0.007) and FVC ( 2 2 = 24.6, P < 0.0001) levels.
Associations with asthma
The variance components modeling indicated that increased total ( 
Variance components and heritability estimates
After adjustment for all covariates, the h 2 N of serum total IgE levels was 47.3% (SE = 10.0%), ie additive genetic effects (σ 2 A ) contributed just under half of the total variance (Table 2 ). σ 2 A was significantly greater than zero ( 2 1 = 20.5, P < 0.0001). Familial environmental effects were not significantly different from zero ( Table 2 ).
The h 2 N of the RAST index was estimated to be 28.9% (SE = 7.4%) ( Table 2 ). σ Table 2 ).
The h 2 N of eosinophil counts was estimated to be 29.8% (SE = 9.6%) ( Table 2 ). σ Table 2 ).
The h 2 N of FVC levels was estimated to be 30.6% (SE = 26.8%) ( Table 2 ). Despite this potentially large effect, σ was not significantly greater than zero ( 2 1 = 1.9, p = 0.07). The contribution of σ 2 CS to phenotypic variance was estimated to be zero ( Table 2 ).
The h 2 N of DRS levels was estimated to be 30.0% (SE = 12.3%) ( Table 2 ). σ 2 A was significantly greater than zero ( 2 1 = 5.5, P = 0.02). Familial environmental effects were not significantly different from zero and contributed only minimally, if at all, to total phenotypic variance ( Table 2) .
The goodness-of-fit tests did not indicate any significant lack-of-fit problems for any of the models reported.
Cohabitation effects
Extended modelling including terms for time spent living together and apart indicated that duration and cessation of cohabitation had no discernable effect upon the model for either total serum IgE levels ( While not significant, the relative magnitudes of the estimates of λ and ν were similar for all outcomes: λ was large relative to ν. As an illustration, the effects of λ and ν on σ 2 C for total serum IgE were plotted using the original equations and assumptions (Figure 1 ). The correlation in total serum IgE levels amongst family members due to cohabitation has almost immediate consequences on commencement of cohabitation. The correlation due to shared environment continues until the subjects cease cohabiting, and declines thereafter. A similar pattern was observed for specific serum IgE, FEV 1 , FVC and the DRS.
Discussion
Our study was designed to recruit a sample of families which were representative of a general Caucasian population, and has shown that the total serum IgE, specific IgE titres to common allergens, blood eosinophil counts and AR are strongly heritable traits.
The prevalence rates for self-reported asthma for adults and children in the study were similar to those found in other Australian population studies. 20, 21 As other investigations have reported, 22 asthma was more common in boys than girls. The close associations of all the outcomes investigated with physician-diagnosed asthma were consistent with previous studies. 2, 3, [5] [6] [7] The relationship of the outcomes investigated to age and gender was similar to that found in other population-based studies of Caucasians. [23] [24] [25] [26] [27] [28] The smoking rates for parents and offspring were similar to those in the Australian general population. 29, 30 Our analysis of cohabitation did not suggest any important effects on the σ 2 C estimates due to duration of cohabitation. Although this analysis included a number of strong assumptions, it is unlikely that major duration of cohabitation effects existed if our analysis failed to detect any suggestion of such effects.
The importance of familial determinants in the regulation of serum IgE production in humans is well established. 31 Studies of pedigrees and twins have suggested that total serum IgE levels have a heritability of around 50-80%, 23, [32] [33] [34] consistent with the present results. Our study further shows the correlations to be independent of the effects of age, gender, height or total pack years of cigarette consumption. Most of the observed familial correlations are attributable to genetic rather than environmental factors. The relative contributions of familial and non-familial environmental factors to variance in total serum IgE levels are consistent with those reported in other studies. 34, 35 The heritability of specific serum IgE levels has not previously received much attention, 33 and it is of interest that our results show strong genetic effects underlying this trait. The significant contribution (15%) of common sibling environment to this trait is consistent with the effects of childhood exposure to domestic allergens on specific IgE responses. Despite the marginal non-Normality of the RAST index, the models we present pass standard tests of multivariate Normality at the 5% significance level. Furthermore, inferences were unaffected if modelling was based on the t-distribution instead of the Normal distribution.
While there is evidence of significant familial aggregation of blood eosinophil counts from studies of endemically parasitised populations, 36 there is sparse evidence in nonparasitised human populations. A recent population-based Variance components of asthma-associated traits LJ Palmer et al y study of Caucasian families from Tuscon, Arizona, found evidence of substantial familial aggregation in peripheral blood eosinophil counts. 37 That study was consistent with our results, which also suggests substantial correlations in peripheral blood eosinophil counts between genetically related individuals that are independent of the effects of age, gender, height or cumulative active smoking exposure. Most of the observed familial correlations are consistent with genetic rather than environmental factors. Both pedigree-and twin-based studies give consistent evidence of a genetic contribution to the variability of spirometric indices. [38] [39] [40] [41] However, estimates of the broadsense heritabilities of FEV 1 and FVC derived from twin studies which have adjusted for body size have ranged from 0% to around 75%. In agreement with a previous twin study reporting the heritability of FEV 1 levels to be close to zero, 42 our results suggest only small correlations in FEV 1 levels between genetically related individuals after adjustment for height, age, gender and tobacco smoke exposure. In contrast to FEV 1 , substantial correlations in FVC levels between genetically related individuals were found. These results are consistent with previous studies of FVC levels. 39, 41 The majority of the observed familial correlations in FVC appear to be due to the effects of additive genetic factors transmitted from parents to offspring. However, the confidence limits on the σ 2 A estimate were large (Table 2 ) and the σ 2 A estimate was not significantly different from zero; these data are therefore consistent with both a small and a large additive genetic component of total variance.
Few studies have directly estimated the heritability or mode of inheritance of AR in humans. One study, of 61 MZ and 46 DZ twin-pairs aged 6 to 31 years, 32 estimated the broad-sense heritability of the area under the log e methacholine dose-response curve as approximately 66%. This is consistent with our findings of substantial familial correlations in AR that were independent of the effects of age, gender, height, or smoking. The majority of the observed familial correlations in DRS were due to genetic factors transmitted from parents to offspring, with a minor contribution from environmental factors common to families. The present study suggests the presence of important genetic determinants of the pathophysiological traits associated with asthma and that total and specific serum IgE levels, blood eosinophil counts and airways responsiveness to inhaled agonist are appropriate phenotypes for molecular investigations of the genetic susceptibility to asthma. In extended analyses, we have investigated the overlap between the genetic determinants (σ 2 A ) of these correlated quantitative traits in the Busselton study population. 9, 43 With the exception of total and specific serum IgE levels, which exhibited around a 50% overlap in genetic determinants, there was little evidence of shared genetic determinants influencing these traits, ie these data suggested that serum IgE levels, blood eosinophil counts, and airways responsiveness are genetically distinct traits. These extended analyses will be the subject of further manuscripts. The results of this study also suggest that FVC, while possibly under substantial genetic control, is not associated with asthma after adjustment for sex, age, height, tobacco smoke exposure and familial correlation, and therefore may not be a useful phenotype for investigations of the genetics of asthma.
Whole genome screens investigating linkage of asthma and associated phenotypes are consistent with the results of this study; significant linkage to serum IgE levels, blood eosinophil counts and/or AR has been found in the majority of genome screens. [44] [45] [46] [47] [48] [49] [50] [51] [52] One of these whole genome screens was based on a subset of the population described in this paper. 44 In that study, log e total serum IgE levels, the RAST index, log e eosinophil count and log e DRS showed significant linkage to different chromosomes. The specific genes responsible for the heritibilities of serum IgE levels, blood eosinophil counts, FVC and AR remain to be defined, as do their interrelationships with environmental factors.
and was specified as:
(σ 2 ) = σ The residual variance was allowed to differ between children and parents; the binary indicator variable γ took the value 1 in children and 0 in parents. between a parent and a child; and between two parents.
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